FRACTURE SURFACES are fragile and subject to mechanical and environmental damage that can destroy microstructural features. Consequently, fracture specimens must be carefully handled during all stages of analysis. This article will discuss the importance of care and handling of fractures and what to look for during the preliminary visual examination, fracture-cleaning techniques, procedures for sectioning a fracture and opening secondary cracks, and the effect of nondestructive inspection on subsequent evaluation.
Care and Handling of Fractures (Ref 1)
Fracture interpretation is a function of the fracture surface condition. Because the fracture surface contains a wealth of information, it is important to understand the types of damage that can obscure or obliterate fracture features and obstruct interpretation. These types of damage are usually classified as chemical and mechanical damage. Chemical or mechanical damage of the fracture surface can occur during or after the fracture event. If damage occurs during the fracture event, very little can usually be done to minimize it. However, proper handling and care of fractures can minimize damage that can occur after the fracture (Ref [2] [3] [4] .
Chemical damage of the fracture surface that occurs during the fracture event is the result of environmental conditions. If the environment adjacent to an advancing crack front is corrosive to the base metal, the resultant fracture surface in contact with the environment will be chemically damaged. Cracking due to such phenomena as stress-corrosion cracking (SCC), liquid-metal embrittlement (LME), and corrosion fatigue produces corroded fracture surfaces because of the nature of the cracking process.
Mechanical damage of the fracture surface that occurs during the fracture event usually results from loading conditions. If the loading condition is such that the mating fracture surfaces contact each other, the surfaces will be mechanically damaged. Crack closure during fatigue cracking is an example of a condition that creates mechanical damage during the fracture event.
Chemical damage of the fracture surface that occurs after the fracture event is the result of environmental conditions present after the fracture. Any environment that is aggressive to the base metal will cause the fracture surface to be chemically damaged. Humid air is considered to be aggressive to most iron-base alloys and will cause oxidation to occur on steel fracture surfaces in a brief period of time. Touching a fracture surface with the fingers will introduce moisture and salts that may chemically attack the fracture surface.
Mechanical damage of the fracture surface that occurs after the fracture event usually results from handling or transporting of the fracture. It is easy to damage a fracture surface while opening primary cracks, sectioning the fracture from the total part, and transporting the fracture. Other common ways of introducing mechanical damage include fitting the two fracture halves together or picking at the fracture with a sharp instrument. Careful handling and transporting of the fracture are necessary to keep damage to a minimum.
Once mechanical damage occurs on the fracture surface, nothing can be done to remove its obliterating effect on the original fracture morphology. Corrosive attack, such as hightemperature oxidation, often precludes successful surface restoration. However, if chemical damage occurs and if it is not too severe, cleaning techniques can be implemented that will remove the oxidized or corroded surface layer and will restore the fracture surface to a state representative of its original condition.
Preliminary Visual Examination
The entire fracture surface should be visually inspected to identify the location of the fracture-initiating site or sites and to isolate the areas in the region of crack initiation that will be most fruitful for further microanalysis. The origin often contains the clue to the cause of fracture, and both low-and high-magnification analyses are critical to accurate failure analysis. Where the size of the failed part permits, visual examination should be conducted with a low-magnification wide-field stereomicroscope having an oblique source of illumination.
In addition to locating the failure origin, visual analysis is necessary to reveal stress concentrations, material imperfections, the presence of surface coatings, case-hardened . regions, welds, and other structural details that contribute to cracking. The general level of stress, the relative ductility of the material, and the type of loading (torsion, shear, bending, and so on) can often be determined from visual analysis.
Finally, a careful macroexamination is necessary to characterize the condition of the fracture surface so that the subsequent microexamination strategy can be determined. Macroexamination can be used to identify areas of heavy burnishing in which opposite halves of the fracture have rubbed together and to identify regions covered with corrosion products. The regions least affected by this kind of damage should be selected for microanalysis. When stable crack growth has continued for an extended period, the region nearest the fast fracture is often the least damaged because it is the newest crack area. Corrodents often do not penetrate to the crack tip, and this region remains relatively clean.
The visual macroanalysis will often reveal secondary cracks that have propagated only partially through a cracked member. These part-through cracks can be opened in the laboratory and are often in much better condition than the main fracture. Areas for sectioning can be identified for subsequent metallography, chemical analysis, and mechanical-property determinations. Additional information on visual examination is available in the article "Visual
Preservation Techniques (Ref 1)
Unless a fracture is evaluated immediately after it is produced, it should be preserved as soon as possible to prevent attack from the environment. The best way to preserve a fracture is to dry it with a gentle stream of dry compressed air, then store it in a desiccator, a vacuum storage vessel, or a sealed plastic bag containing a desiccant. However, such isolation of the fracture is often not practical. Therefore, corrosion-preventive surface coatings must be used to inhibit oxidation and corrosion of the fracture surface. The primary disadvantage of using these surface coatings is that fracture surface debris, which often provides clues to the cause of fracture, may be displaced during removal of the coating. However, it is still possible to recover the surface debris from the solvent used to remove these surface coatings by filtering the spent solvent and capturing the residue.
The main requirements for a surface coating are as follows:
• It should not react chemically with the base metal • It should prevent chemical attack of the fracture from the environment • It must be completely and easily removable without damaging the fracture Fractures in the field may be coated with fresh oil or axle grease if the coating does not contain substances that might attack the base metal. Clear acrylic lacquers or plastic coatings are sometimes sprayed on the fracture surfaces. These clear sprays are transparent to the fracture surface and can be removed with organic solvents. However, on rough fracture surfaces, it can be difficult to achieve complete coverage and to remove the coating completely.
Another type of plastic coating that has been successfully used to protect most fracture surfaces is cellulose acetate replicating tape. The tape is softened in acetone and applied to the fracture surface with finger pressure. As the tape dries, it adheres tightly to the fracture surface. The main advantage of using replicating tape is that it is available in various thicknesses. Rough fracture surfaces can be coated with relatively thick replicating tape to ensure complete coverage. The principal limitation of using replicating tape is that on rough fracture surfaces it is difficult to remove the tape completely.
Solvent for screening as fracture surface coating materials. These inhibitor compounds were applied to fresh steel fracture surfaces and exposed to 100% relative humidity at 38 °C (100 °F) for 14 days. The coatings were removed by ultrasonic cleaning with the appropriate solvent, and the fracture surfaces were visually evaluated. Only the Tectyl 506 compound protected the fractures from rusting during the screening tests. Therefore, further studies were conducted with a scanning electron microscope to ensure that the Tectyl 506 compound would inhibit oxidation of the fracture surface and could be completely removed on the microscopic level without damaging the fracture surface.
Initially, steel Charpy samples and nodular iron samples were fractured in the laboratory by single-impact overload and fatigue, respectively. Representative fracture areas were photographed in the scanning electron microscope at various magnifications in the asfractured condition. The fracture surfaces were then coated with Tectyl 506, exposed to 100% relative humidity at 38 °C (100 °F) for 14 days, and cleaned before scanning electron microscopy (SEM) evaluation by ultrasonically removing the coating in a naphtha solution. Figure 1 shows a comparison of identical fracture areas in the steel at increasing magnifications in the as-fractured condition and after coating, exposing, and cleaning. These fractographs show that the solvent-cutback petroleum-base compound prevented chemical attack of the fracture surface from the environment and that the compound was completely removed in the appropriate solvent. It is interesting to note that Tectyl 506 is a rust-inhibiting compound that is commonly used to rustproof automobiles.
Fracture.Cleaning Techniques (Ref 1)
Fracture surfaces exposed to various environments generally contain unwanted surface debris, corrosion or oxidation products, and accumulated artifacts that must be removed before meaningful fractography can be performed. Before any cleaning procedures begin, the fracture surface should be surveyed with a low-power stereo binocular microscope, and the results should be documented with appropriate sketches or photographs. Low-power microscope viewing will also establish the severity of the cleaning problem and should also be used to monitor the effectiveness of each subsequent cleaning step. It is important to emphasize that the debris and deposits on the fracture surface can contain information that is vital to understanding the cause of fracture. Examples The mildest, least aggressive cleaning procedure should be tried first, and as previously mentioned, the results should be monitored with a stereo binocular microscope. If residue is still left on the fracture surface, more aggressive cleaning procedures should be implemented in order of increasing aggressiveness.
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Air Blast or Brush Cleaning. Loosely adhering particles and debris can be removed from the fracture surface with either a dry air blast or a soft organic-fiber brush. The dry air blast also dries the fracture surface. Only a soft organic-fiber brush, such as an artist's brush. should be used on the fracture surface because a hard-fiber brush or a metal wire brush will mechanically damage the fine details.
The replica-stripping cleaning technique is very similar to that described in the section "Preservation Techniques" in this article. However. instead of leaving the replica on the fracture surface to protect it from the environment, it is stripped off of the fracture surface, removing debris and deposits. Successive replicas are stripped until all the surface contaminants are removed. Figure 2 shows successive replicas stripped from a rusted steel fracture surface and demonstrates that the first replicas stripped from the fracture surface contain the most contaminants and that the last replicas stripped contain the least. Capturing these contaminants on the plastic replicas, relative to their position on the fracture surface, can be a distinct advantage. The replicas can be retained, and the embedded contaminants can be chemically analyzed if the nature of these deposits is deemed important.
The one disadvantage of using plastic replicas to clean a fracture surface is that on rough surfaces it is very difficult to remove the replicating material completely. However, if the fracture surface is ultrasonically cleaned in acetone after each successive replica is stripped from the fracture surface, removal of the residual replicating material is possible. Ultrasonic cleaning in acetone or the appropriate solvent should be mandatory when using the replicastripping cleaning technique.
Organic solvents, such as xylene, naphtha, toluene, freon TF, ketones, and alcohols, are primarily used to remove grease, oil, protective surface coatings, and crack-detecting fluids from the fracture surface. It is important to avoid use of the chlorinated organic solvents, such as trichloroethylene and carbontetrachloride, because most of them have carcinogenic properties. The sample to be cleaned is usually soaked in the appropriate organic solvent for an extended period of time, immersed in a solvent bath where jets from a pump introduce fresh solvent to the fracture surface, or placed in a beaker containing the solvent and ultrasonically cleaned for a few minutes.
The ultrasonic cleaning method is probably the most popular of the three methods mentioned above, and the ultrasonic agitation will also remove any particles that adhere lightly to the fracture surface. However. if some of these particles are inclusions that are significant for fracture interpretation, the location of these inclusions relative to the fracture surface and the chemical composition of these inclusions should be investigated before their removal by ultrasonic cleaning.
Water-base detergent cleaning assisted by ultrasonic agitation is effective in removing debris and deposits from the fracture surface and, if proper solution concentrations and times are used, does not damage the surface. A particular detergent that has proved effective in cleaning ferrous and aluminum materials is Alconox. The cleaning solution is prepared by dissolving 15 g of Alconox powder in a beaker containing 350 mL of water. The beaker is placed in an ultrasonic cleaner preheated to about 95 °C (205 °F). The fracture is then immersed in the solution for about 30 min, rinsed in water then alcohol, and air dried. Figure 3(a) shows the condition of a laboratory-tested fracture toughness sample (AISI 1085 heat-treated steel) after it was intentionally corroded in a 5% salt steam spray chamber for 6 h. Figure 3(b) shows the condition of this sample after cleaning in a heated Alconox solution for 30 min. The fatigue precrack region is the smoother fracture segment located to the right of the rougher singleoverload region. Figures 4(a) and (b) show identical views of an area in the fatigue precrack region before and after ultrasonic cleaning in a heated Alconox solution. Only corrosion products are visible, and the underlying fracture morphology is completely obscured in Fig. 4(a) . Figure 4(b) shows that the water-base detergent cleaning has removed the corrosion products on the fracture surface. The sharp edges on the fracture features indicate that cleaning has not damaged the surface, as evidenced by the fine and shallow fatigue striations clearly visible in Fig. 4(b) .
The effect of prolonged ultrasonic cleaning in the Alconox solution is demonstrated in Fig. 5(a) and (b) , which show identical views of an area in the fatigue precrack region after cleaning for 30 min and 3.5 h. respectively. Figure 5 (b) reveals that the prolonged exposure has not only chemically etched the fracture surface but has also dislodged the originally embedded inclusions. Any surface corrosion products not completely removed within the first 30 min of water-base detergent cleaning are difficult to remove by further cleaning; therefore, prolonged cleaning provides no additional benefits. Cathodic cleaning is an electrolytic process in which the sample to be cleaned is made the cathode, and hydrogen bubbles generated at the sample cause primarily mechanical removal of surface debris and deposits. An inert anode, such as carbon or platinum, is normally used to avoid contamination by plating upon the cathode. During cathodic cleaning, it is common practice to vibrate the electrolyte ultrasonically or to rotate the specimen (cathode) with a small motor, The electrolytes commonly used to clean ferrous fractures are sodium cyanide (Ref 6, 7) , sodium carbonate, sodium hydroxide solutions, and inhibited sulfuric acid (Ref 8) . Because cathodic cleaning occurs primarily by the mechanical removal of deposits due to hydrogen liberation, the fracture surface should not be chemically damaged after elimination of the deposits.
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The use of cathodic cleaning to remove rust from steel fracture surfaces has been successfully demonstrated (Ref 9) . In this study, AISI 1085 heat-treated steel and EXI6 carburized steel fractures were exposed to a 100% humidity environment at 65 °C (150 °F) for 3 days. A commercially available sodium cyanide electrolyte, ultrasonically agitated, was used in conjunction with a platinum anode for cleaning. A l-min cathodic cleaning cycle was applied to the rusted fractures, and the effectiveness of the cleaning technique without altering the fracture morphology was demonstrated. Figure 6 shows a comparison of an asfractured surface with a corroded and cathodically stable ductile cracking region in a quenched-and-tempered 1085 carbon steel. The relatively low magnification (1000×) shows that the dimpled topography characteristic of ductile tearing was unchanged as a result of the corrosion and cathodic cleaning. High magnification (5000 x ) shows that the perimeters of the small interconnecting dimples were corroded away, Chemical Etching. If the above techniques are attempted and prove ineffective, the chemical-etch cleaning technique, which involves treating the surface with mild acids or alkaline solutions, should be implemented. This technique should be used only as a last resort because it involves possible chemical attack of the fracture surface. In chemical-etch cleaning, the specimen is placed in a beaker containing the cleaning solution and is vibrated ultrasonically. It is sometimes necessary to heat the cleaning solution. Acetic acid, phosphoric acid, sodium hydroxide, ammonium citrate, ammonium oxalate solutions, and tetramine has been recommended (Ref 6). Ferrous and nonferrous service fractures have been successfully cleaned by using the following inhibited acid solution: 3 mL of hydrochloric acid (1.19 specific gravity), 4 mL of 2-butyne-l,4-diol (35% aqueous solution), and 50 mL of deionized water (Ref 13) . This study demonstrated the effectiveness of the cleaning solution in removing contaminants from the fracture surfaces of a low-carbon steel pipe and a Monel Alloy 400 expansion joint without damaging the underlying metal. Various fracture morphologies were not affected by the inhibited acid treatment when the cleaning time was appropriate to remove contaminants from these service fractures.
Sectioning a Fracture
It is often necessary to remove the portion containing a fracture from the total part, because the total part is to be repaired, or to reduce the specimen to a convenient size. Many of the examination tools--for example, the scanning electron microscope and the electron microprobe analyzer have specimen chambers that limit specimen size. Records, either drawings or photographs, should be maintained to show the locations of the cuts made during sectioning.
All cutting should be done such that fracture faces and their adjacent areas are not damaged or altered in any way; this includes keeping the fracture surface dry whenever possible. For large parts, the common method of specimen removal is flame cutting. Cutting must be done at a sufficient distance from the fracture so that the microstructure of the metal underlying the fracture surface is not altered by the heat of the flame and so that none of the molten metal from flame cutting is deposited on the fracture surface.
Saw cutting and abrasive cutoff wheel cutting can be used for a wide range of part sizes. Dry cutting is preferable because coolants may corrode the fracture or may wash away foreign matter from the fracture. A coolant may be required, however, if a dry cut cannot be made at a sufficient distance from the fracture to avoid heat damage to the fracture region. In such cases, the fracture surface should be sol-vent cleaned and dried immediately after cutting.
Some of the coating procedures mentioned above may be useful during cutting and sectioning. For example, the fracture can be protected during flame cutting by taping a cloth over it and can be protected during sawing by spraying or coating it with a lacquer or a rust-preventive compound.
Opening Secondary Cracks
When the primary fracture has been damaged or corroded to a degree that obscures information, it is desirable to open any secondary cracks to expose their fracture surfaces for examination and study. These cracks may provide more information than the primary fracture. If rather tightly closed, they may have been protected from corrosive conditions, and if they have existed for less time than the primary fracture, they may have corroded less. Also, primary cracks that have not propagated to total fracture may have to be opened.
In opening these types of cracks for examination, care must be exercised to prevent damage, primarily mechanical, to the fracture surface. This can usually be accomplished if opening is done such that the two faces of the fracture are moved in opposite directions, normal to the fracture plane. A saw cut can usually be made from the back of the fractured part to a point near the tip of the crack, using extreme care to avoid actually reaching the crack tip. This saw cut will reduce the amount of solid metal that must be broken. Final breaking of the specimen can be done by:
• Clamping the two sides of the fractured part in a tensile-testing machine, if the shape permits, and pulling • Placing the specimen in a vise and bending one half away from the other half by striking it with a hammer in a way that will avoid damaging the crack surfaces • Gripping the halves of the fracture in pliers or vise grips and bending or pulling them apart It is desirable to be able to distinguish between a fracture surface produced during opening of a primary or secondary crack. This can be accomplished by ensuring that a different fracture mechanism is active in making the new break; for example, the opening can be performed at a very low temperature. During low-temperature fracture, care should be taken to avoid condensation of water, because this could corrode the fracture surface.
Crack separations and crack lengths should be measured before opening. The amount of strain that occurred in a specimen can often be determined by measuring the separation between the adjacent halves of a fracture. This should be done before preparation for opening a secondary crack has begun. The lengths of cracks may also be important for analyses of fatigue fractures or for fracture mechanics considerations.
Effect of Nondestructive Inspection
Many of the so-called nondestructive inspection methods are not entirely nondestructive. The liquid penetrants used for crack detection may corrode fractures in some metals, and they will deposit foreign compounds on the fracture surfaces; corrosion and the depositing of foreign compounds could lead to misinterpretation of the nature of the fracture. The surface of a part that contains, or is suspected to contain, a crack is often cleaned for more critical examination, and rather strong acids that can find their way into a tight crack are frequently used. Many detections of chlorine on a fracture surface of steel, for example, which were presumed to prove that the fracture mechanism was SCC, have later been rotund to have been derived from the hydrochloric acid used to clean the part.
Even magnetic-particle inspection, which is often used to locate cracks in ferrous parts may affect subsequent examination. For example, the arcing that may occur across tight cracks can affect fracture surfaces. Magnetized parts that are to be examined by SEM will require demagnetization if scanning is to be done at magnifications above about 500 x.
